Changes on structural and magnetic properties of maghemite nanoparticles during their coverage with MCM-41, Ceramics International, http://dx.doi.org/10.1016/j.ceramint. 2015.08.016 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting galley proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Mössbauer spectroscopy at 25 and -260 ºC and transmission electron microscopy were used to study the magnetic and structural changes of the initial maghemite nanoparticles produced during its coverage with the mesoporous silica structure. The presence of the mesoporous structure inhibits the expected transformation from maghemite to hematite when the system was calcined in air at 510 ºC. It was established that a sintering of the nanoparticles during the calcination step occurs, leading to a magnetization saturation value similar to that of the bulk compound. In order to evaluate the capability as adsorbent, the magnetic composite was subjected to a surface amino-functionalization and then tested for Cr(VI) and Cu(II) adsorption from water.
Introduction
The potential applications of iron oxide magnetic nanoparticles (MNPs) in different fields such as pollutants adsorption from aqueous matrix, biomolecules separation, drug delivery, magnetic hyperthermia, enzymes immobilization, microalgae harvesting, etc.
[ [1] [2] [3] [4] [5] [6] [7] have produced great efforts to reach a greater knowledge in basic and applied fields. All applications of these MNPs require a good dispersion in aqueous medium, chemical stability in the environment where it will be used and high values of specific 3 surface area (S g ) (the last conditions is not necessary in magnetic hyperthermia applications). However, if "naked" nanoparticles are used, the presence of magnetic interactions, especially dipolar interactions, produces agglomeration, clustering and subsequent precipitation [8] . On the other hand, in this condition, the specific surface area values are between 30 and 200 m 2 .g -1 [1, 9, 10] and, in order to use these systems in adsorption or separation processes, these areas are insufficient. The coverage of
MNPs with different polymer networks has been used to solve these problems [9, [11] [12] [13] . This strategy reduces the formation of clusters and increases the S g of the resulting composite. When SiO 2 compounds are used to cover the MNPs, the silanols groups present in their surface can be covalently modified with various functional groups. This increases the specificity of the interaction with the desired molecule or species.
Following this idea, many authors have reported different synthetic routes to obtain
MNPs coated with a silica layer, which have been successful in inorganic ions and different DNA molecules or proteins separation [11, [14] [15] [16] . Ordered mesoporous silicas (OMS) appear as interesting materials in order to cover the MNPs because this kind of solids, such as MCM-41, consist of amorphous SiO 2 walls with a characteristic and well defined mesoporous arrangement, uniform pore size and high S g which can achieve 1000 m 2 .g -1 [17] . Yang et al. [18] synthesized MNPs of magnetite (300 nm of diameter)
which were first coated with a thin layer of amorphous silica and then with a layer of OMS, reaching a total coverage thickness of approximately 30 nm. The OMS coverage gives to the composite suitable properties (S g of 378 m 2 .g -1 ) for its potential use in controlled drug release [18] . Finally, another advantage of using OMS is the absence of diffusional impediments inside the network pores [19] .
The most widely magnetic iron phase studied and used to give magnetic properties to composites has been the magnetite (Fe 3 O 4 ) [11, 14-16, 18, 20, 21] . However, the presence of Fe 2+ ions in the magnetite structure, transforms this kind of composites as a potential material with capability to catalyze the Fenton reaction, producing reactive oxygen species (ROS). Excessive ROS quantities in intracellular environment are associated with cytotoxic mechanisms such as protein oxidation, DNA damage, and oxidative stress [22] . Therefore, materials with magnetite in its structure would be incompatible with aqueous media involving biological systems or living species [23] [24] [25] . The aim of the present work is to report a simple synthesis of a MCM-41structure
grown up around pre-synthesized maghemite nanoparticles and to study the possible magnetic and structural changes in the maghemite NPs produced during its coverage with the mesoporous silica structure. The MCM-41 presence would produce the following advantages: a) avoids the MNPs degradation, increasing composite durability and stability, b) generates a composite with high values of specific surface area and a pores network without diffusional restrictions, c) provides silanols groups, which can be easily functionalized with a variety of organics functions.
Experimental

Materials
The syntheses were carried out using commercially available reagents. Diphenyl ether (99%), oleic acid (90%), oleylamine (>70%), iron(III) acetylacetonate (Fe(acac) 3 ) (97%) and tetraethyl ortosilicate (TEOS) were purchased from Aldrich Chemical Co., dibenzyl ether (98%) and ammonium hydroxide from Fluka and hexadecyl trimethyl 5 ammonium bromide (CTMABr) from ICN Biomedicals Inc. These reactants and ethanol and hexane, were used as they were received.
Synthesis of iron oxide nanoparticles.
Iron oxide nanoparticles were synthesized following the procedure described by
Perez De Berti et al [27] . Briefly, a mixture of Fe(acac) 3 (4 mmol), oleic acid (12 mmol), oleyl amine (12 mmol) and diphenyl ether (40mL, boiling point= 261 ºC) was heated under magnetic stirring up to 200 ºC and maintained at this temperature for 45 minutes. Then the mixture was heated under reflux up to 265 ºC and was maintained at this temperature for another 45 min. The mixture was cooled at room temperature (RT) and 80 ml of ethanol were added, appearing a black precipitate. The solid was recovered by centrifugation. After that, the solid was dispersed in n-hexane in presence of oleic acid and oleylamine. Then, the non-dissolved impurities were isolated by centrifugation during 10 minutes at 6000 rpm. Finally, the nanoparticles were precipitated with ethanol. The MNPs were recovered by centrifugation (6000 rpm, 10 min) and then redispersed in n-hexane. The sample was called γ-Fe 2 O 3 .
Synthesis of composite iron oxide nanoparticles@MCM-41
The composite of iron oxide nanoparticles immersed in MCM-41 was performed via the alkaline hydrolysis of TEOS using CTMABr as directing agent of the mesoporous structure. Thus, 2. 
Samples Characterization
The samples were characterized by nitrogen adsorption at -196 ºC (BET), infrared spectroscopy (FT-IR), uv-visible spectroscopy (UV-vis), X-ray diffraction (XRD) at low angles, magnetic measurements (SQUID), Mössbauer spectroscopy at 25 and -260 º C and transmission electron microscopy (TEM).
The textural properties, specific surface area (S g ), specific pore volume (V p ) and pore diameter (D p ), were measured in a Micromeritics equipment ASAP 2020 V1.02 E.
Pore diameter distribution was determined using the Barret, Joyner and Halenda (BJH) method.
Infrared spectra of dried samples mixed with KBr (1:100) were obtained on a Jasco
FT/IR-4200 spectrometer equipped with a Pike Diffuse IR cell with a resolution of 1 cm -1 . Two hundred to four hundred scans were accumulated in each case.
In order to determine the iron content, the sample was dissolved with HF. The Fe 8200. The Mössbauer spectra were evaluated using the Recoil Spectral Analysis software [28] . Although some spectra display magnetic relaxation, for simplicity, Lorentzian lines with equal widths were considered for each component. The spectra were folded to minimize geometric effects.
Transmission electron microscopy (TEM) images were recorded on a Philips CM 200 UT microscope equipped with an ultra-twin objective lens and with a LaB6 filament (operated at 200 keV). The microscope was equipped with a CCD camera for digital acquisition; contrast and illumination were adjusted linearly using commercially available image treatment programs.
3.Results and discussion
To identify the iron species of the pre-synthesized MNPs, the Mössbauer spectra at temperatures -260, -243 and 25 ºC were obtained ( Figure 1 ). The spectrum recorded at -260 ºC shows six lines with their inner sides slightly broadened and a central nonresolved signal. This spectrum was fitted with two sextuplets and one doublet. The corresponding hyperfine parameters are shown in [29] . However, small particle size effects inhibit to distinguish between both sites. We observe that the hyperfine magnetic fields are reduced in comparison with those corresponding to the bulk compound [29] . This could be due to the collective magnetic excitation phenomenon observed in very small particles below the blocking temperature [30] as well as to the relaxing effect.
The temperature at which the superparamagnetic relaxation time is equal to the timescale of the experimental technique is called the blocking temperature, T B . At this temperature 50% of the Mössbauer signal is magnetically blocked. As it can be seen, in this sample T B is smaller than -260 ºC.
On the other side, the doublet at -260 ºC could be assigned to Fe 3+ surface ions complexed with oleic acid through carboxylate heads with bidentate coordination as it was demonstrated by FT-IR in our previous work [27] . At -243 ºC the relaxing fraction is more significant than the observed at -260 ºC. Finally, at 25 ºC, almost the entire population of the MNPs has collapsed into a central signal assigned to a relaxing sextuplet corresponding to particle fractions whose relaxation times become comparable to the Mössbauer characteristic time. Besides, there is a central doublet that can be assigned to a superparamagnetic J-Fe 2 O 3 and to a less extent to superficial Fe 3+ ions complexed with oleic acid. typical of the MCM-41 material. For example, the peak at 960 cm -1 can be assigned to the stretching of Si-OH, and the peak at 1100 cm -1 to the stretching Si-O-Si. Moreover, both the peak at 1630 cm -1 and the broad band between 3000-3700 cm -1 correspond to physisorbed water molecules [33] .
The characteristics bands of oleic acid with bidentate coordination with surface Fe Table 2 ). The spectrum recorded at -260 ºC shows six narrow resolved lines and a central non-resolved signal. This spectrum was fitted to two sextuplets with hyperfine field distributions and one singlet. The hyperfine parameters of both sextuplets can be attributed to Fe 3+ ions located in tetrahedral (A) and octahedral (B)
sites of magnetically blocked J-Fe 2 O 3 MNPs [29] . This result demonstrates that the MCM-41 synthesis process did not affect the iron oxide species. Besides, the blocking temperature is larger than that corresponding to the pre-synthesized MNPs (Tables 1   and 2 ). This result leads to deduce that the original MNPs could have undergone an agglomeration process, as it was previously described. The arising of the central singlet that replaces the doublet assigned to surface iron oleate in MNPs is coherent with this description. In the strong alkaline medium oleate anions could be replaced by OH -ions.
In this way, the environment of the superficial Fe 3+ ions would be very similar to the tetrahedral and octahedral sites of the inner J-Fe 2 O 3 . Therefore, as these sites have a high symmetry, they give rise to a singlet signal. Finally, at 25 ºC, almost the entire iron population has collapsed into a central signal that we fitted to a relaxing sextuplet that represents to those particles whose relaxing times are near the window experimental time.
The Mössbauer spectra of γ-Fe 2 O 3 @MCM-41-C were obtained at 25 and -260 ºC ( Figure 4 and Table 3 ). The spectra at both temperatures are rather similar to those recorded for γ-Fe 2 O 3 @MCM-41 although a doublet instead of a singlet appears at 25
ºC. From this, we deduce that the iron oxide species have not changed after the calcination. This is a striking result since it is well known that when J-Fe 2 O 3 is heated in air at temperatures higher than 330-350 ºC, it transforms to the most stable thermodynamic compound, i. e., hematite (α-Fe 2 O 3 ). In our case, possibly the coating effect of the MCM-41 on the MNPs inhibits the structural transformation. Therefore, as the composite preserves the ferrimagnetic response, it can be suitable for potential applications in the field of magnetic adsorbents. On the other hand, the doublet at 25 ºC could be assigned to Fe 3+ paramagnetic ions diffused inside the MCM-41 walls located in highly distorted sites (Table 3) , since a high quadrupole splitting value was obtained.
The presence of this paramagnetic species will be confirmed by the magnetic results. maghemite is usually found in very small maghemite particles and it is attributed to the surface spin disorder [34] . Figure 5b shows the ZFC and FC curves of the pre-synthesized MNPs. The ZFC curve shows a rather sharp maximum at about -258 ºC, which represents the blocking temperature T B . Taking into account that T B depends on the timescale of the experimental technique, a difference with the Mössbauer result would be expected.
Well-above T B , the ZFC and FC curves overlap due to at these temperatures the magnetization vector relaxes superparamagnetically. We observe that the FC curve increases monotonically as the temperature decreases along all the temperature range.
Particularly, the continuous increment below T B indicates that the magnetic interactions between MNPs are negligible and then the single-domains align along a weak magnetic field. Therefore, this result indicates that the oleate coverage not only prevents the action of exchange interactions between MNPs, but the interparticle distances of about 2-3 nm that establishes also neglects the magnetic dipolar interactions [29] . Figure 11 . Both exhibit low-angle (100), (110) and (200) reflections confirming the MCM-41 structure observed by TEM. The similar peak-widths and intensities show that the calcination treatment did not affect the ordered structure. However, there is a slightly shift towards higher angles of the three peaks compared with the non calcined sample ones. This behavior can be assigned to a small contraction as a consequence of the surfactant removal [37] .
In order to obtain the textural properties of the γ-Fe 2 O 3 @MCM-41-C, N 2 adsorptiondesorption measurements at -196 ºC were made. The isotherm obtained is of type IV (Fig. 12) , characteristic of mesoporous materials such as MCM-41. The specific surface area value of 494 m 2 .g -1 is significantly higher than that reported in literature [14, 18] .
The pore size distribution curve (Fig. 12 inset) is narrow with an average diameter of 2.6 nm, confirming the existence of a monomodal distribution belonging to the mesoporous materials range. It is well established that a narrow pore size distribution has important advantages for materials used in adsorptiont and/or separation technologies, because diffusive processes are more homogeneous leading to a better adsorption control. [19, 38] In order to evaluate the potential application of the composite as adsorbent, we use the methodology described in a previous work [38] to incorporate amino groups onto the pores surface. After that, the magnetic composite material was tested for the adsorption for chromium (VI) or copper (II) from water solutions. Experimental details can be found in [38] . Briefly, batch-like experiments with a solid to metal solution ratio of 1 g.ml -1 were carried out for 24 h to ensure equilibrium conditions, with initial concentration of 130 ppm for the selected ion and constant stirring at 25 ºC. The maximum adsorption capacities were 43.5 and 31.6 mg.g -1 for Cr(VI) and Cu(II), respectively. After this experiment the composite was easily recovered from aqueous matrix using an external magnet, this is an important property for the separation of the adsorbent from aqueous medium and its re-utilization.
Conclusions
In this work we report a simple method to obtain a mesoporous MCM-41 structure 
